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Fetal and Adult Hematopoietic Stem Cells
Require b1 Integrin Function for Colonizing
Fetal Liver, Spleen, and Bone Marrow
and the BM (E15.5) are seeded by hematopoietic pro-
genitors (Delassus and Cumano, 1996). Accumulating
evidence suggests that the main potential for definitive
hematopoiesis is primarily restricted to the PAS (Med-
vinsky et al., 1993; Godin et al., 1995; Medvinsky and
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Dzierzak, 1996), whereas the YS represents the unique²Max-Planck-Institute for Immunobiology
site of primitive prefetal liver hematopoiesis (Keller et79108 Freiburg
al., 1999). During later stages of embryogenesis untilGermany
birth, the fetal liver is the main site of hematopoietic³Department of Experimental Pathology
differentiation.Lund University
Both the migration of HSCs during embryogenesis asS-22185 Lund
well as the retention of adult HSCs in the BM environ-Sweden
ment are thought to be controlled by adhesion receptors
including CD34, CD44, selectins, and integrins. Integrins
are heterodimeric transmembrane molecules consisting
Summary of an a and b subunit that mediate adhesion, migration,
survival, and differentiation of cells (Hynes, 1992). Virtu-
Homing of hematopoietic stem cells (HSCs) into hema- ally all hematopoietic progenitors including HSCs ex-
topoietic organs is a prerequisite for the establishment press high levels of a4, a5, a6, and b1 integrin, whereas
of hematopoiesis during embryogenesis and after bone aL, a1, a3, b2, and b7 seem to be expressed on cells
marrow transplantation. We show that b1 integrin± that either have already lost their long-term repopulating
deficient HSCs from the para-aortic splanchnopleura ability or are definitively committed to a hematopoietic
and the fetal blood had hematolymphoid differentia- lineage (Voura et al., 1997).
tion potential in vitro and in fetal organ cultures but It is currently unknown which cell adhesion receptors
were unable to seed fetal and adult hematopoietic are responsible for the homing of HSCs to the BM or
tissues. Adult b1 integrin null HSCs isolated from mice the retention of progenitors in the BM environment. In
carrying loxP-tagged b1 integrin alleles and ablated vivo experiments using blocking antibodies suggested
for b1 integrin expression by retroviral cre transduc- that a4b1 (VLA-4) and its ligand VCAM-1 are involved
tion failed to engraft irradiated recipient mice. More- in the homing of hematopoietic progenitors to spleen
over, absence of b1 integrin resulted in sequestration and BM (Papayannopoulou et al., 1995). The same re-
of HSCs in the circulation and their reduced adhesion agents can effectively mobilize various stages of pro-
to endothelioma cells. These findings define b1 inte- genitors including HSCs from the BM into the circulation
grin as an essential adhesion receptor for the homing both in mice and primates (Papayannopoulou and Naka-
of HSCs. moto, 1993; Craddock et al., 1997). Further evidence
for the importance of integrins was provided by the
observation that antibodies against b1 integrin severely
Introduction reduced the reentry of hematopoietic progenitors to the
spleen and BM after HSCs transfer (Williams et al., 1991).
Hematopoiesis in mammals is a complex and highly Similar studies involving anti CD44 mAbs suggested an
ordered process in which a hematopoietic stem cell equally important role for CD44-mediated interactions
(HSC) gives rise to all differentiated blood cells. During for homing to BM, thymus, and spleen (Vermeulen et
adult life this process is closely linked to a specialized al., 1998).
environment in the bone marrow (BM). Within the BM The physiological role of these adhesion receptors
environment, HSCs are compartmentalized in certain was challenged by results obtained with genetically en-
niches where by adhesive interactions with other cell gineered mice lacking their expression. CD44 null mice
types and components of the extracellular matrix, HSCs showed no alterations in the generation of fetal liver
are maintained throughout life. In contrast to the immo- HSCs and their efficiency of splenic seeding but did
bilization of HSCs in the BM under physiological condi- have an impairment in the egress of myeloid progenitors
tions during adult life, fetal stem cells migrate during from the BM (Schmits et al., 1997). Together with the
embryogenesis (Delassus and Cumano, 1996). After the normal development of hematopoiesis in these mice,
generation of hematopoietic progenitors in the extraem- these results did not support a critical role for CD44
bryonic yolk sac (YS) and the intraembryonic para-aortic in the migration or sequestration of HSCs. In case of
splanchnopleura (PAS) at around E7.5±8 during murine integrins, the absence of a5 or a6 integrin still allowed
embryogenesis, the fetal liver rudiment is colonized by hematolymphoid differentiation, indicating that migra-
HSCs starting at E10 (Dzierzak et al., 1998). Analogous tion of hematopoietic progenitors to fetal liver, thymus,
to the fetal liver, also fetal thymus (E10.5), spleen (E12.5), and BM was not abolished (Georges-Labouesse et al.,
1996; Taverna et al., 1998; E. Georges-Labouesse, per-
sonal communication). Using the RAG-2 complementa-§ To whom correspondence should be addressed (e-mail: potocnik@
tion model, Arroyo et al. (1996) demonstrated that thebii.ch).
k These authors contributed equally to this work. absence of a4 integrin results in an early block of B cell
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development in the BM and in the inability of thymic
progenitors to leave the BM environment. Remarkably,
migration of a4 null HSCs into the fetal liver, spleen, or
BM as well as reentry of a4 null BM cells into their BM
niche after transfer was not affected. Hence, a4 integrin
is obviously dispensable for homing and seeding of he-
matopoietic organs by HSCs. Correspondingly, VCAM-1
null mice were found to have normal representation of
all hematopoietic cells in BM, thymus, spleen, and pe-
ripheral lymph nodes (Friedrich et al., 1996). Further ex-
periments, therefore, have to define the exact role and
the functional cooperation of adhesion receptors on
HSCs and endothelial cells.
We previously reported the complete lack of b1 null
hematolymphoid cells in b1 null/wild-type chimeras.
Since b1 null cells were present in the YS and the fetal
circulation but absent in the fetal liver of these chimeric
embryos, we concluded that b1 integrin is an indispens-
able element for the colonization of the fetal liver (Hirsch
et al., 1996). The present study extends the analysis of
b1 integrin function for stem cell migration and differenti-
ation in vitro and in vivo. The results reveal a critical role
of b1 integrin for the colonization of all primary sites of
hematopoiesis by HSCs.
Results
b1 Null Hematopoietic Progenitors Are Generated
Independently at Extra- and Intraembryonic Sites
and Accumulate in the Fetal Circulation
Presence and frequency of b1 null hematopoietic pro-
genitors in the YS, the PAS, and fetal blood (FB) of b11/2
and b12/2 chimeras were analyzed at various stages
during embryogenesis. Chimeric embryos were gener-
ated by injecting either heterozygous or homozygous
b1 integrin null ES cells into C57BL/6 blastocysts and
transferred into foster mothers. To exclude the contami-
nation of PAS preparations by circulating YS-derived
hematopoietic progenitors, embryos were isolated be-
fore (5±7 somite pairs [SP]) onset of circulation around
embryonic day 8 to 8.5 (E8±8.5). To allow for the assess-
ment of the hematopoietic potential of initially minute
numbers of cells in vitro, YS and PAS were cultured
individually in organ cultures for 2 days. These culture Figure 1. Hematopoietic Progenitors Emerge in the Absence of
b1 Integrin at Extra- and Intraembryonic Sitesperiod resulted for wild-type YS explants (5±7 SP) in an
(A) Yolk sac (YS) and para-aortic splanchnopleura (PAS) cells de-increase from 2.4 3 103 6 0.26 3 103 cells/YS to
rived from b11/2 and b12/2 chimeric embryos either before (5±714.4 3 103 6 2.54 3 103 cells. PAS rudiments expanded
somite pairs [SP]) or after (8±12 SP) the onset of circulation werefrom initially 1.5 3 103 6 0.48 3 103 cells to 6.4 3 103 6
precultured in toto for 2 days and then used individually for colony1.88 3 103 cells. This expansion was accompanied by
assays in semisolid media (erythroid, BFU-E; myeloid, CFU-GM) or
an increase in the number of CFU-Mix per tissue from on irradiated S17 stromal cells (B cells) in the presence of different
15.8 6 5.8 to 73.7 6 18.9 (YS) or 1.7 6 2.0 to 47.8 6 cytokines and G418. The mean 6 SD of the respective progenitor
number per 105 YS or PAS cells of each group is depicted. No14.9 (PAS), respectively. Wild type±derived endogenous
significant difference in the number of b11/2 to b12/2 progenitorshematopoietic progenitors were eliminated by the addi-
was observed. The number of individual embryos (n) in every grouption of high concentrations of G418 (1.2 mg/ml) to the
is depicted separately. One out of three experiments is shown. Wild-cultures. The frequencies of erythroid (BFU-E), mixed
type hematopoietic progenitors did not survive in the presence of
myeloid (CFU-GM), and lymphoid (LPS-responsive B G418 as tested by PCR (data not shown).
cells) precursors were analyzed (Figure 1). Prior to the (B) A representative picture of BFU-E and CFU-GM colonies (top)
and cells (bottom) obtained from b1 null PAS (7 SP).onset of circulation (5±7 somite pairs), erythroid and
myeloid potential was present both in the YS and the
PAS, whereas the potential to generate B cells was ab-
sent in YS and found exclusively at very low frequencies of hematopoietic progenitorsÐboth in semi-solid media
(BFU-E, CFU-GM) and on stroma cells (B cell condi-at the intraembryonic site. After onset of circulation
(8±12 somite pairs), lymphoid potential was encountered tions)Ðshowed no significant difference between b11/2
and b12/2 derived cells (Figure 1A). Similar results wereboth in extra- and intraembryonic sites. The frequencies
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Figure 2. Hematopoietic Progenitors Lacking b1 Integrin Expression Accumulate in the Fetal Circulation of Chimeric Embryos and Express
Stem Cell±Specific Surface Antigens
(A) Fetal blood (FB) was collected by exsanguinisation of E13.5±E18.5 stage chimeric embryos and depleted of erythroid cells by a density
gradient. Flow cytometry was performed after staining for the presence of Ly-9.1, which specifically detects ES cell±derived blood cells, c-kit,
and lineage markers (Lin2; CD45R/B220, CD3, Ter119, Mac-1, Gr-1). For every time point, the average of results obtained from 5±6 chimeric
embryos is shown.
(B) Flow cytometry analysis of E15.5 FB from b11/2 (top) or b12/2 chimeric embryos for the expression of c-kit and Ly-9.1. Both b11/2 and
b12/2 FB cells expressed similar percentages of the stem cell±specific antigen AA4.1 on c-kit1 cells. Note the significant increase of c-kit1AA4.11
cells in the blood of b1 null chimeras. Percentages for every population are depicted in the respective histogram.
(C) Flow cytometry analysis of Ly-9.11c-kit1 (left) and Ly-9.11c-kit2 (right) E15.5 FB cells for the presence of mature cell types. Results for
b11/2 (gray histograms) or b12/2 (solid black line) cells are superimposed.
(D) Cytospin preparation of E15.5 FB b1 null Ly-9.11c-kit1 stained with May-GruÈ nfeld-Giemsa.
obtained at E10.5 with hematopoietic progenitors from ES-derived (Ly-9.11) compartment contained differenti-
ated myeloid and lymphoid cells (Figure 2C). The numberthe YS and the aorta-gonad mesonephros (AGM) region,
which develops from the PAS region (data not shown). of bona fide HSC (Lin2c-kit1), Ly-9.11 cells in the FB
continuously decreased in heterozygous control chime-These data indicate that b1 integrin expression is not
critical for the generation of early hematopoietic progen- ras but accumulated in b1 null chimeras, reaching a
peak level at E15.5 (Figure 2A). Their morphological ex-itors at intra- (PAS) and extraembryonic sites (YS).
At E10.5 hematopoietic progenitor cells for the ery- amination further corroborated the absence of differenti-
ated cells in this population (Figure 2D). At this timethroid, myeloid, and lymphoid lineage were found in the
FB, as determined by in vitro differentiation assays (data point, Lin2c-kit1 cells represented 78.3 6 8.9% (SEM)
of all ES-derived (Ly-9.11) FB cells in b12/2 chimerasnot shown). For further characterization, blood from b11/2
and b12/2 chimeras was analyzed by flow cytometry compared to 9.7 6 5.2% (SEM) in b11/2 chimeras.
using the marker Ly-9.1, which specifically stains hema-
topoietic cells derived from the ES cells (129Sv strain), Fetal b1 Null Hematopoietic Progenitors Survive
and Differentiate in Fetal Organ Culturesbut not those from the host blastocyst (C57BL/6 strain).
At E15.5 the majority of b1 null cells in the chimeric To test whether b1 null hematopoietic progenitors are
able to survive and expand in the fetal liver environment,embryos coexpressed the stem cell markers c-kit and
AA4.1 and were negative for lineage specific markers we studied their potential to undergo hematopoietic dif-
ferentiation and expansion in fetal liver organ cultures(Figures 2B and 2C). Exclusively in b11/2 chimeras, the
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Figure 3. b1 Null Progenitors from Fetal Blood Develop In Vitro into Mature Hematolymphoid Cells in the Context of Fetal Liver and Thymus
(A) b11/2 or b12/2 c-kit1 cells were isolated from E15.5 FB of chimeric mice by FACS and reaggregated with C57BL/6 Ly-5.1 (Ly-9.12) E13.5
fetal liver cells depleted from endogenous lineage-positive hematopoietic cells by MACS. Fetal liver reaggregate cultures were analyzed after
14 days by flow cytometry for the presence of B cell±specific (CD45R/B220, IgM), erythroid (Ter119), myeloid (F4/80), and strain-specific
(Ly-9.1) antigens. In all fetal liver organ cultures, both endogenous (Ly-9.12) and FB-derived (Ly-9.11) cells underwent hematolymphoid
differentiation.
(B) Alymphoid thymic lobes were repopulated with b11/2 or b12/2 c-kit1 E15.5 FB cells and analyzed for T cell development by flow cytometry.
Note the complete absence of donor-derived (Ly-9.11) cells in thymic lobes reconstituted with b1 null FB progenitors, whereas b11/2 cells
develop into CD4 and CD8 T cell receptor (TCR) ab or gd cells.
(C) Successful differentiation of b11/2 or b12/2 c-kit1 E15.5 FB cells into TCR-expressing cells in reaggregates with fetal thymic stroma.
Reaggregates of b1 null FB progenitors showed a delay in the appearance of ab TCRhigh cells.
(Owen et al., 1977). Fetal livers obtained from congenic no b12/2 cells were detectable in any lobe. To distinguish
between a block in thymus colonization and intrathymicC57BL/6 Ly-5.1 embryos were disaggregated enzymati-
cally and depleted of Lin1 hematopoietic cells, leaving T cell development, we circumvented the initial coloniza-
tion step and performed reaggregation thymus organan endogenous pool of HSCs, stroma cells, and hepato-
cytes. These cells were mixed with Ly-9.11c-kit1 cells cultures. Both b12/2 and b11/2 FB cells differentiated
efficiently into ab or gd T cells (Figure 3C). When compar-isolated from E15.5 FB of b11/2 and b12/2 chimeras by
FACS (Figure 2B) and cultured for 12 days as ªfetal liver ing the kinetics of intrathymic T cell development, emer-
gence of b12/2 derived ab TCRhigh cells was delayed byreaggregatesº in vitro. Analyzing the fetal liver cultures
by flow cytometry, B cells (B2201, IgM1), erythroid cells 3±4 days when compared to b11/2 FB cells. These b1
null ab TCRhigh thymocytes responded to TCR cross-(Ter1191), and myeloid cells (F4/801) derived from b1
null FB precursors were detected (Figure 3A). No signifi- linking by anti-CD3 antibodies with a Ca21-influx in an
identical manner to b11/2 or wild-type thymocytes, re-cant differences were found for the numbers of donor-
derived cells of b12/2, b11/2 , or wild-type origin, indi- spectively (data not shown).
In summary, these data demonstrate that b1 integrinscating a comparable rate of expansion in our culture
system. Surface IgM1 b12/2 and b11/2 B cells generated are essential for the seeding of fetal liver and thymus
by fetal hematopoietic progenitors but are not critical forin fetal liver reaggregates showed similar LPS-induced
proliferation rates (data not shown). hematolymphoid differentiation in those environments.
To extend our analysis to another fetal tissue seeded
by progenitors via the FB, we tested the ability of FB Fetal b1 Null Hematopoietic Progenitors Are Unable
to Seed the Spleen but Contain CFU-S Activityb1 null progenitors to recolonize alymphoid thymic lobes
in fetal thymus organ culture. As shown in Figure 3B, Circulating fetal b1 null progenitors shared with HSCs
the antigenic phenotype and their multilineage potentialonly b11/2 cells could colonize fetal thymic lobes and
complete further differentiation to CD4 or CD8 single- in various in vitro differentiation assays and organ cul-
ture systems. To test their hematopoietic activity andpositive, T cell receptor (TCR)-positive cells, whereas
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Table 1. CFU-S Activity of b11/2 and b12/2 Fetal Blood Cells
Number of CFU-S
Cell Number Transfer Intravenously Intrasplenic
Experiment 1 Experiment 2 Experiment 1 Experiment 2
FB b11/2 (c-kit1 Ly-9.11) 5 3 103 13.0 6 5.3 13.7 6 4.2 21.0 6 7.0 27.8 6 6.5
FB b12/2 (c-kit1 Ly-9.11) 5 3 103 0.2 6 0.4 0 10.2 6 3.4 9.7 6 3.9
5 3 104 N.D. 0 N.D. N.D.
b11/2 and b12/2 (Ly-9.11) c-kit1 cells were isolated from the blood of E15.5 chimeric embryos by FACS (Figure 2B). Fetal blood cells were
injected intravenously or intrasplenic into lethally irradiated C57BL/6 Ly-5.1 mice. Two independent experiments with 5±6 recipients were
performed. Donor origin of spleen colonies was performed by immunohistochemical staining for the Ly-9.1 atigen. Results are shown as mean
and SD.
their migration into hematopoietic organs in vivo, cells death (b11/2, 6 of 6 mice; b11/1, 11 of 12 mice). In con-
trast, even transfer of a 20-fold higher number of b12/2were prepared from E15.5 FB of b11/2 or b12/2 chimeras
and tested in spleen colony-forming (CFU-S) assays. BM progenitors was not radioprotective (Figure 4E).
These results were confirmed in two independent exper-When injected intravenously, both b11/2 or wild-type
c-kit1 FB cells had detectable CFU-S activity (5 3 103 iments. Donor-derived spleen colonies were not de-
tected in any of the recipients of b1 null HSCs 12±14cells per recipient; Table 1). In contrast, no CFU-S were
found after intravenous injection of 5 3 103 b1 null hema- days after transfer, suggesting that not only fetal but
also adult BM-derived HSCs are not capable of seedingtopoietic progenitors (Table 1). Also, the injection of a
10-fold higher number of b12/2 progenitors (5 3 104 cells the spleen in the absence of b1 (data not shown). To
evaluate the long-term reconstituting potential of b12/2per recipient) did not result in any CFU-S (Table 1). To
circumvent splenic seeding, b11/2 and b12/2 FB progen- HSCs, competitive repopulations were performed by
transplanting a total of 50,000 b12/2 and b11/1 BM cellsitors were directly transferred into the spleen of irradi-
ated hosts by intrasplenic injection. Intrasplenic transfer into an allotype-matched BL/6 strain (C57BL/6J-Igha-
Thy1aGpi1a). Using a ratio of 10:1 b12/2 to b11/1 Lin2of both b11/2 and b12/2 c-kit1 FB cells resulted in CFU-S
activity (Table 1). However, the number of colonies gen- c-kit1 BM cells, no b1 null±derived progenies were ob-
served in BM, spleen, and thymus of irradiated recipi-erated by b11/2 cells was significantly higher than those
obtained from b12/2 cells (experiment 1, p 5 0.012; ex- ents (Table 2).
periment 2, p 5 0.003). These experiments demonstrate
the hematopoietic potential of b1 null FB precursor cells
in vivo and strongly suggest a critical role for the b1 Absence of b1 Integrin Impairs Adhesion
of Hematopoietic Progenitorsintegrin expressed on fetal hematopoietic progenitors
in seeding fetal as well as adult sites of hematopoiesis. The lack of engraftment prompted us to trace the migra-
tion of b1 null HSCs after injection. We sacrificed lethally
irradiated recipients transplanted with 105 b11/2 or b12/2Adult b1 Null Hematopoietic Stem Cells Cannot
Repopulate Primary Sites of Hematopoiesis Lin2c-kit1 BM cells 18 hr after transfer and identified the
transferred progenitors by their potential to give rise toTo define the role of b1 integrin on adult bone marrow±
derived HSCs, we generated conditional b1 null (floxed) colony-forming cells in the presence of G418 (Figure 5A).
b1 null hematopoietic progenitors accumulated in themice using the cre/loxP system. After two independent
homologous recombination events, the entire coding peripheral blood as compared to the heterozygous con-
trols that were found mainly in the spleen and the BMand 39 noncoding sequence of the mouse b1 null integrin
gene was flanked by loxP sites (Figure 4A). A promot- of recipients. A small fraction of b1 null progenitors were
present in the thymus, spleen, and BM, most likely dueerless lacZ gene was inserted downstream of the 39 loxP
site, resulting in lacZ expression driven by the endoge- to the contamination by blood-derived cells. The accumu-
lation of BM-derived b1 null cells in the circulation afternous b1 integrin promoter after cre-mediated deletion.
Heterozygous offspring were bred to homozygosity and transfer resembled the accumulation of their fetal counter-
parts during embryogenesis. To test whether b1 null he-genotyped by PCR and Southern blotting (Figure 4B).
Homozygous animals were phenotypically normal, fer- matopoietic progenitors still can interact with vascular
endothelial cells, in vitro adhesion assays of b1 nulltile, and showed normal expression of b1 integrin mRNA
in kidney (Figure 4C). BM cells were isolated from floxed HSCs to an endothelioma cell line were performed. Ad-
hesion of b1 null HSCs to endothelial cells treated withmice, enriched for HSCs by depletion of Lin1 cells, and
precultivated for 24 hr in the presence of IL-3, IL-6, IL- IFNg was significantly impaired (Figure 5B), suggesting
that b1 integrin plays a critical role for the interaction11, and stem cell factor (SCF). Deletion of the b1 integrin
was achieved by transduction with a retroviral construct of HSCs to vascular endothelial cells.
To test the surface expression of a4, a5, and a6 inte-expressing cre recombinase. b1 null cells were purified
to homogeneity by FACS (Figure 4D) 48±72 hr after ret- grins in the absence of b1 integrin, stainings for these
integrins on E15.5 c-kit1 FB cells (Figure 5C) and retrovi-roviral infection and then transplanted into lethally irradi-
ated recipients. Transplantation of 5 3 103 retrovirally rally transduced Lin2c-kit1Sca-11 BM cells (Figure 5D)
were analyzed by flow cytometry. Both on fetal cellstransduced b11/2 or b11/1 Lin2c-kit1 BM cells, used as
controls, rescued efficiently from radiation-induced ex vivo and cultured BM cells, absence of b1 integrin
Immunity
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Figure 4. Inducible Targeting of the b1 Inte-
grin Gene and Generation of b1 Null Bone
Marrow Hematopoietic Stem Cells for Bone
Marrow Transfers
(A) Schematic representation of the 59 and
39 end of the murine b1 integrin gene. Two
independent rounds of homologous recombi-
nation introduced loxP sites flanking the com-
plete coding and 39 noncoding sequence of
the mouse b1 integrin gene. To monitor cre-
mediated deletion, a promoterless lacZ gene
was inserted downstream of the 39 loxP site,
resulting in lacZ expression driven by the en-
dogenous b1 integrin promoter.
(B) Southern blot analysis of BamHI-digested
genomic DNA. Hybridization with probe A re-
vealed a 10 kb fragment for the wild-type and
a 4.2 kb fragment for the loxP-tagged allele.
Probe B detects a 20 kb fragment for the wild-
type and a 13.5 fragment for the floxed allele.
(C) Northern blot analysis of kidney RNA dem-
onstrates normal expression of b1 integrin in
noninduced, floxed (c/c) animals.
(D) Analysis of c-kit versus Sca-1 on bone
marrow cells of floxed animals depleted of
lineage-positive cells by MACS at the onset
of short-term culture (left), after retroviral
transduction of cre (middle) and after FACS
for b1 null c-kit1 cells (right). Expression of
b1 integrin is shown for each step in a sepa-
rate histogram below.
(E) Lethally irradiated mice were injected in-
travenously with 2.5 3 104 (gray diamonds,
11 recipients), 5 3 104 (gray circles,
7 recipients), or 10 3 104 (gray boxes,
5 recipients) b1 null Lin2c-kit1 BM cells. Con-
trol recipient mice received 5 3 103 identically
treated b11/2 (12 recipients) or b11/1
(6 recipients) BM cells. Results of two inde-
pendent transfer experiments are summa-
rized.
was accompanied by the loss of a5 and reduced expres- not affect their potential to differentiate in vitro, in fetal
organ cultures or in the context of adult spleen. Thesesion of a4 and a6 integrin. Absence of a4b1, a5b1, or
a6b1 on HSCs could therefore be involved in the re- results demonstrate that b1 integrin is a crucial adhesion
molecule for the homing of HSCs.duced adhesion of HSCs to the endothelium.
Discussion Generation of Hematopoietic Stem Cells
We previously showed that adult b1 null chimeric mice
lack b1 integrin±expressing blood cells. Since b1 nullIn the present report we assessed the role of b1 integrin
for differentiation and homing of hematopoietic progeni- hematopoietic precursor cells were present in the YS
and fetal circulation but absent in fetal liver, we con-tors in vitro and in vivo. We show that absence of
b1 integrin on fetal as well as adult HSCs critically im- cluded that they are unable to colonize the liver (Hirsch
et al., 1996). More recently, accumulating evidence sug-pairs their potential to home to appropriate environ-
ments like fetal liver, thymus, spleen, or BM but does gests that long-term repopulating HSCs emerge in the
b1 Integrin and Hematopoietic Stem Cell Homing
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Table 2. Competitive Hematopoietic Repopulation of Lethally Irradiated C57BL/6J-Igha Thy1aGpi1a Recipients with Bone Marrow
b12/2 and b11/1 Hematopoietic Stem Cells
Flow Cytometry Analysis, Percent Positive Cells
Origin (Phenotype) 12 Weeks after Transfer 24 Weeks after Transfer
Experiment 1 Experiment 2 Experiment 1 Experiment 2
Spleen b12/2 (Ly-5.21 Ly-9.11) 0.2 6 0.5 0.6 6 0.4 0.5 6 0.3 0.3 6 0.4
b11/1 (Ly-5.11 Ly-9.12) 92.6 6 4.9 97.8 6 7.2 95.2 6 5.6 91.4 6 7.8
Host (Ly-5.21 Ly-9.12) 2.0 6 1.2 2.8 6 5.3 1.6 6 2.6 4.8 6 1.9
Thymus b12/2 (Ly-5.21 Ly-9.11) 0.8 6 0.9 0.2 6 2.8 0.4 6 1.2 0.5 6 0.3
b11/1 (Ly-5.11 Ly-9.12) 99.1 6 8.5 96.7 6 10.3 98.7 6 12.5 90.9 6 8.4
Host (Ly-5.21 Ly-9.12) 3.4 6 1.9 2.9 6 1.5 2.7 6 0.6 2.2 6 1.5
Bone marrow b12/2 (b1 integrin negative) 0.8 6 0.5 0.2 6 0.3 0.5 6 1.2 0.5 6 0.8
(Lin2 c-kit1 Sca-11) b11/1, Host (b1 integrin positive) 96.9 6 15.3 98.8 6 9.0 99.0 6 12.7 96.5 6 14.3
Mixtures of bone marrow (BM) Lin2 c-kit1 b12 (Ly-5.21 Ly-9.11) or Lin2 c-kit1 b11 (Ly-5.11 Ly-9.12) cells obtained by FACS after retroviral
transduction were transferred into lethally irradiated C57BL/6J-IghaThy1aGpi1a (Ly-5.21 Ly-9.12) at ratio of 10:1 (b12/2 to b11/1 cells) in a total
of 50,000 cells. Two experiments were performed with 3±4 animals for each time point. Twelve and twenty-four weeks after transfer, respectively,
animals were sacrificed and analyzed by flow cytometry. Results are given in mean and SD of percent positive cells.
PAS/AGM region (Medvinsky et al., 1993; Godin et al., b1 null hematopoietic precursor cells in the PAS/AGM
region. Moreover, the efficiency of PAS b1 null precursor1995; Medvinsky and Dzierzak, 1996), whereas prefetal
liver hematopoiesis is restricted to the YS (Godin et al., cells to differentiate in vitro into erythroid, myeloid,
and lymphoid cells was comparable to b1 integrin±1999). This finding prompted the question of whether
the defect in definitive hematopoiesis observed in b1 expressing control cells. We also found that the YS con-
tained b1-deficient hematopoietic precursor cells beforenull chimeric mice is caused by an impaired generation
of b1-deficient hematopoietic progenitors in the PAS/ onset of circulation, indicating that their generation is
independent from the PAS/AGM region. In vitro differen-AGM region or whether these cells are defective in their
potential to expand and survive in the fetal liver environ- tiation assays revealed that b1 null and control cells
from YS were able to differentiate into the erythroid andment. Analyses of chimeric embryos before onset of
circulation (5±7 somite pairs) that exclude the possibility myeloid lineage but not into lymphoid cells, confirming
the restriction of lymphoid potential to PAS/AGM at thisthat YS-derived precursors seed the PAS/AGM region
and mix with the local precursor cell population detected stage of development (Cumano et al., 1996). After onset
Figure 5. Adult b1 Null Hematopoietic Stem
Cells Accumulate in the Blood of Irradiated
Recipients and Are Defective in Adherence
to Endothelial Cells
(A) Lethally irradiated mice (four recipients
per group) were transplanted with 10 3 105
b11/2 or b12/2 Lin2c-kit1 BM cells and sacri-
ficed 18 hr after transfer to prepare mononu-
clear cells from peripheral blood (PB), spleen,
thymus, and BM. Progenitor frequency in
each organ was determined individually by
colony-forming assays (CFU-Mix) in the pres-
ence of cytokines and G418. Results are
shown as mean 6 SD.
(B) Adhesion of 1 3 106 b11/2 or b12/2 Lin2c-
kit1 BM cells on confluent b.End5 endotheli-
oma cells pretreated with IFNg. Ratio of
bound cells was determined by division of
bound cells by the number of bound
b1 integrin wild-type Lin2c-kit1 BM cells. Re-
sults are given as the mean 6 SD of one ex-
periment in triplicates.
(C) FACS analysis of integrin expression on
FB c-kit1Ly-9.11 cells isolated from E15.5
b11/2 or b12/2 chimeric embryos. Isotype-
matched controls, solid line; b11/2 progeni-
tors, black histograms, b12/2 progenitors,
gray histograms.
(D) Staining pattern of integrin expression on
b11/2 or b12/2 BM Lin2c-kit1 cells after ret-
roviral mediated cre transduction. Black his-
tograms represent surface expression on
b11/2, gray histograms represent surface ex-
pression on b12/2 BM cells.
Immunity
660
of circulation, b1 null hematopoietic progenitors were to unknown side effects of the antibodies (i.e., partial
activation, effects on other cells). Alternatively, second-present in the FB as assessed by in vitro differentiation
assays and FACS analysis. The number of b1 null hema- ary effects due to gene ablation in nonhematopoietic
cells or compensatory upregulations of other genes withtopoietic progenitors in the fetal circulation accumu-
lated and represented the vast majority of b1 null± similar functions in mutant mice could account for the
different phenotypes.derived blood cells (Figure 2B). This observation is in
good agreement with a defect of fetal liver colonization. The fetal spleen of b1 null chimeras lacks b1 null blood
cells, suggesting a defective migration of FB progenitorsAt E15.5, b1-deficient cells in the FB exhibited an ex-
pression profile similar to embryonic HSCs (Sanchez et as observed for fetal liver and thymus. Correspondingly,
FB b1 null precursor cells never had CFU-S activity.al., 1996; Marcos et al., 1997; Petrenko et al., 1999),
indicated by high expression of c-kit and AA4.1 and the However, if b1 null cells were injected directly into the
spleen, they formed colonies, albeit at lower frequencycomplete absence of CD19-, CD3-, and Gr-1-positive
cells. Currently, there are no phenotypic markers avail- than control cells. These results are in agreement with
a previous study demonstrating that preincubation ofable that specifically distinguish between cells from YS,
AGM, and fetal liver (Sanchez et al., 1996). Hence, it is adult HSCs with antibodies against b1 integrin leads to
a significant reduction of CFU-S numbers (Williams etnot possible to definitively trace the origin of the fetal
b1 null cells in the blood. al., 1991).
Migration of Adult Hematopoietic Stem CellsMigration of Fetal Hematopoietic Stem Cells
b1 integrin is known to be important for migration but Fetal and adult hematopoietic precursors have similar
but not identical functional properties (Weissman, 1994;also for cell survival and differentiation of a large number
of cell types (Hynes, 1992; Giancotti and Ruoslahti, Morrison et al., 1995). Therefore, we tested whether
adult BM HSCs require b1 integrin expression for reentry1999). The absence of b1 null hematopoietic progenitors
in the fetal liver of chimeric mice could, therefore, be into hematopoietic tissues in a similar way as fetal pro-
genitors. We addressed this question by generating con-due to a defective migration of stem cells from the blood
into the liver but also to an impaired survival of these ditional b1 null mice using the cre/loxP system. After
isolation of BM HSCs of mice homozygous for a ªfloxedºcells within the organ. To distinguish between these two
possibilities, we used a fetal liver reaggregation model b1 integrin gene, we deleted the b1 integrin gene in vitro
by infecting the cells with a retrovirus transducing theto study the differentiation and survival of hematopoietic
progenitors in an organ culture system. In this model, FB cre recombinase. Successfully ablated b1 null HSCs
were subsequently purified by FACS and injected intob1 null progenitors differentiated into erythroid, myeloid,
and B cells with similar efficiency as control cells. Taken lethally irradiated recipient mice. In this experimental
model, transfer of b1 null cells, even in high numbers,together, these data strongly suggest that b1 integrin
is essential for the migration of FB progenitor cells into was not radioprotective, whereas identically treated
control cells expressing b1 integrin were radioprotectivethe liver and is not important for the survival of fetal
HSCs within the liver. and exhibited repopulating activity. In addition, when
the survival of the irradiated mice was assured by co-To investigate whether b1 integrin is crucial also for
other migration processes, we employed an in vitro and transplantation of normal stem cells at a ratio of 1:10,
no contribution of b1 mutant cells to the BM nor anyan in vivo model to study homing of fetal hematopoietic
progenitors to fetal thymus and spleen, respectively. We other hematopoietic tissue was observed. The apparent
inability of adult b1 null HSCs to home to the BM, there-found that b1 integrin is essential for the migration of
fetal cells into the fetal thymus in vitro but not for their fore, suggests a crucial role for b1 integrins in this
process.differentiation into T cells. Previous studies of adhesion
molecules important for homing to the thymus had Adult hematopoietic stem cells express a4, a5, and
a6 integrin and most likely further a subunits that canyielded contrasting results. Inhibitory antibodies against
a6 integrin were shown to reduce homing of BM cells associate with the b1 subunit (Voura et al., 1997). Al-
though several a integrins were suggested to play a roleinto the thymus (Ruiz et al., 1995). Since a6 integrin is
expressed on immature thymocytes and at very high in different steps of the homing, we do not know which
a subunits are crucial for the migration of HSCs to thelevels on intra- and perithymic vascular endothelium,
different cell types might be affected by the antibodies BM. As a first step of the homing process, the stem
cells loosely attach to and roll on the bone marrow endo-and account for the reduced homing efficiency. Genetic
ablation of a6 integrin did not result in any hematopoietic thelium. This rolling is mediated by VCAM-1, E-, and
P-selectin on the endothelium and by PSEGL-1 andabnormalities and hence did not confirm the antibody
inhibition results (Georges-Labouesse et al., 1996; E. a4b1 integrin on the stem cells, as demonstrated by
bone marrow transfer into E- and P-selectin doubleGeorges-Labouesse, personal communication). Recent
experiments involve a4b1 integrin in the adhesion of knockouts (Frenette et al., 1998) and intravital micros-
copy of BM sinusoids, together with antibody inhibitionthymocyte precursors to the thymus endothelium and
CD44 in transmigration (Kawakami et al., 1999). Analysis studies (Mazo et al., 1998). However, in none of the
models was the inhibition complete, suggesting thatof a4 null chimeric mice (Arroyo et al., 1996, 1999) and
mice lacking CD44 (Schmits et al., 1997), on the other additional interactions are involved. In a second step
the stem cells have to arrest firmly on the endothelium.hand, did not reveal any impairment of thymic colo-
nization. These discrepancies between gene ablation Finally, the stem cells have to transmigrate through the
endothelium and the underlying basement membrane.studies and antibody inhibition studies could be due
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In Vitro Clonogenic Progenitor AssaysThis process is not well understood but probably in-
Embryonic cells (0.5±10 3 103) were cultured in duplicate in 2 mlvolves integrins. Studies with polymorphonuclear neu-
culture mixtures containing 0.8% methylcellulose (Fluka) in a me-trophils suggest that interactions between avb3 integrin
dium (GIBCO) supplemented with 30% FCS, 1% BSA, 1.25 mM
and PECAM (Muller, 1995; Piali et al., 1995) and the monothioglycerol (MTG, Sigma), and 200 mg/ml transferrin (Sigma).
integrin-associated protein IAP (CD47) and thrombo- Erythroid cultures (BFU-E) were additionally supplemented with
5 U/ml human Epo (Behringwerke), 20 ng/ml SCF, and 15 ng/ml IL-3spondin (Cooper et al., 1995) play an important role.
and scored after 7 days in culture. Myeloid cultures (CFU-GM) wereAfter migration the stem cells have to interact with the
additionally supplemented with 10 ng/ml GM-CSF, 20 ng/ml SCFbone marrow stroma in order to be retained in that organ.
and 15 ng/ml IL-3 and scored after 10 days in culture. B cell potentialUp to now, however, no single knockout of individual a
was assessed by co-culture on neomycin-resistant irradiated S17
subunits could prevent homing of stem cells. Genetic stromal cells (Hirsch et al., 1996) in IMDM containing 15% FCS,
ablation of a4 integrin resulted in abnormal differentia- 1.25 mM (MTG) and 250 U/ml IL-7 (Roche Biochemicals). After
14 days in culture, clones were stimulated with LPS (E. coli, kindlytion mainly of B cells and erythrocytes (Arroyo et al.,
provided by Dr. C. Galanos) and IgM secretion was measured using1996, 1999) but did not interfere with efficient repopula-
standard ELISA. All assays were done under limiting dilution condi-tion of sublethally irradiated RAG-2-deficient mice. No
tions using 1.2 mg/ml G418 (GIBCO) to eliminate wild-type cells.hematopoietic defects at all were reported for a5 mice
Cytokines were purchased from R&D Systems if not indicated oth-
(Taverna et al., 1998) nor for mice lacking VCAM-1 erwise.
(Friedrich et al., 1996), the cellular counter receptor for
a4b1 and a9b1. It might be, therefore, either a combina- Flow Cytometry and Antibodies
tion of a subunits that individually can be deleted without For phenotypic analysis, single-cell suspensions were first incu-
bated with CD16/CD32 (2.4G2) mAbs to block Fc receptors andeffect, or a yet unknown a subunit, that heterodimerize
then stained with mAbs as indicated in the figure legends. Negativewith b1 integrin and mediate the functions essential for
controls were performed using irrelevant isotype-matched controlthe homing of HSCs to the bone marrow.
antibodies. Dead cells were excluded from analysis on a FACScali-
bur (Becton Dickinson) by propidium iodide (1 mg/ml, Sigma) coun-
Possible Function of b1 Integrin in the Homing terstaining. Sorting of FB and BM preparations was performed on
of Hematopoietic Stem Cells a FACStar Plus (Becton Dickinson). The following antibodies were
used for flow cytometry: FITC-conjugated Ly-9.1 (30C7, Phar-We provide several lines of evidence that both for fetal
Mingen), FITC anti-CD4 (Gk1.5), FITC anti-CD45.2 (Ly-5.2, 104), FITCas well as adult HSCs, an adhesion defect impairs the
anti-mouse IgM (Southern Biotechnologies), FITC anti-b1 integrinmigration process of b1 null stem cells. Similar to the
(Ha2/5, PharMingen), Cy5-conjugated anti-c-kit (ACK4), and phy-
accumulation of b1-deficient hematopoietic progenitors coerythrin-conjugated anti-CD8 (53±6.7, PharMingen). Additional bi-
in the FB, the majority of progenitor activity is found in otinylated antibodies used in flow cytometry and MACS separation
the circulation of irradiated recipients after the trans- were AA4.1 (McKearn et al., 1984), anti-c-kit (ACK4), anti-CD3
(2C11), anti-CD8 (53±6.72), anti-CD11b (Mac-1, M1/70), anti-CD19,plantation of adult b1 null stem cells. This lack of seques-
anti-CD45R/B220 (RA3±6B2), Ter119, Gr-1 (RB6±8C5), anti-a4tration suggests that stem cells cannot bind efficiently
(R1±2, PharMingen), anti-a5 (5H10±27, PharMingen), anti-a6 (GoH3,to the endothelium in the absence of b1 integrin. This
PharMingen), Sca-1 (E13.161), F4/80 (C1:A3±1), anti-TCR ab (H57±
finding is supported by the significantly decreased ad- 597), and anti-TCR gd (GL3). Antibodies were purified and labeled
hesion of adult b1 null stem cells to an IFNg2stimulated in our lab if not stated otherwise. Biotinylated antibodies were visual-
endothelioma cell line. It is possible that under flow ized with streptavidin-PE (Southern Biotechnologies) or streptavi-
din-APC (Molecular Probes).conditions, adhesion to BM endothelium is completely
abrogated in the absence of b1 integrin. It still cannot
Fetal Organ Culture Systems and CFU-S Assaysbe excluded that further defects at later stages, i.e., the
Fetal livers were isolated from E13.5 C57BL/6 Ly-5.1 embryos, cuttransmigration through the endothelium and the reten-
into small fragments, and incubated for 1 hr in 0.1 U/ml collagenasetion in the BM, contribute to the homing defect of HSCs
(Roche Biochemicals), PBS/10% FCS. Hematopoietic cells were
lacking b1 integrin. depleted by MACS of Lin1 cells using biotinylated CD45R, CD11b,
An important task in the future will be to identify the Ter119, Gr-1, CD3, and CD8 mAbs detected by paramagnetic strep-
a subunits that are important for the homing of HSCs tavidin microbeads (Miltenyi). For fetal liver reaggregates, 1 3 104
c-kit1Ly-9.11 FB cells, isolated by FACS from E15.5 b11/2 or b12/2and the integrin binding partners on the endothelial cells.
chimeras, were mixed with 2±3 3 104 fetal liver cells and incubatedFurthermore, deletion of the b1 integrin gene in differen-
on polycarbonate filters (Nuleopore) floating on IMDM/10% FCS.tiated blood cells will show whether b1 integrin is a
After 14 days, the liver reaggregates were dissociated and analyzed
general factor essential for homing or extravasation of by flow cytometry.
blood cells, or, alternatively, if it only plays an essential Fetal thymus from E15.5 C57BL/6 Ly-5.1 embryos were depleted
role in hematopoietic stem cells in these processes. from endogenous hematopoietic precursors by treatment with
1.35 mM deoxyguanosine (Sigma) for 6 days (Jenkinson et al., 1982).
For reconstitution, 0.5±1 3 103 b11/2 or b12/2 c-kit1Ly-9.11 FB cellsExperimental Procedures
were coincubated with one depleted thymus rudiment in 30 ml IMDM
supplemented with 10% FCS in hanging drops for 48 hr and thenChimeric Animals and Isolation of Embryonic Tissues
C57BL/6 Ly-5.1 and C57BL/6J-IghaThy1aGpi1a mice were bred and cultured for 12 days on filters floating on IMDM/10% FCS. For reag-
gregation cultures, lymphoid thymic rudiments were dissociatedhoused under pathogen-free conditions in the animal facility of the
Basel Institute for Immunology. Chimeric mice were generated by with 0.25% trypsin, 0.02% EDTA (Sigma) in PBS for 30 min. Thymic
stromal cells (0.5±1 3 104) were then reaggregated with the sameinjection of b11/2 or b12/2 ES cell clones into E3.5 blastocysts de-
rived from C57BL/6 mice as described earlier (FaÈ ssler and Meyer, number of c-kit1Ly-9.11 fetal blood as described (Anderson et al.,
1993). After 12 days of incubation, thymic reaggregates were disso-1995). Explants from YS and PAS obtained from E8±8.5 chimeric
embryos (5±12 somite pairs) were cultured separately for 48 hr on ciated and analyzed. The spleen colony assay was performed as
described (Till and McCulloch, 1961). Purified populations oftop of polycarbonate filters floating in Iscove's modified Dulbecco's
medium (IMDM) supplemented with 10% FCS. FB was prepared as c-kit1Ly-9.11 FB cells from E15.5 b11/2 and b12/2 chimeras were
injected intravenously or directly into the spleen of irradiateddescribed by Rodewald et al. (1994).
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